' INTRODUCTION
Optical materials have attracted considerable attention in recent years due to advances in information and telecommunication technologies. They play key roles in optical assemblies like optical waveguides in communication methods of all kinds, 1À3 display coatings in monitors of electronic devices, 4 and lenses where the ability to control focusing power is required. 5 Because they are optically clear materials, inorganic glasses have been commonly used for these applications. However, the high processing cost and low impact resistance of inorganic glass has driven the development of low-cost, flexible, optically clear materials. One approach is to combine a transparent polymer with nanosized nanosized pigment particles; this not only results in materials with better impact resistance but also results in the polymer having absorption/emission in the desired region of the optical spectrum, high/low refractive indices, and nonlinear optical properties. 6À9 Following this approach, material scientists have sought to develop novel composites using many polymer/nanoparticle composite systems. 10À15 Some examples are ZnO/ PMMA, 16, 17 ZnO/poly(hydroxyethyl methacrylate), 18 Al 2 O 3 / polycarbonate, 19 TiO 2 /poly(vinyl alcohol), 20 CdS/PS, 10 CdS/ PMMA, 21 ZrO 2 /PMMA, 22 CdTe/PS, 23 and BaTiO 3 /polyimide. 24 However, the refractive indices (RIs) of polymers and inorganic particles are usually different. Inorganic pigment particles, in general, have an RI in between 2.0 and 3.5; on the other hand, the RI of polymers lies in the range of 1.5À2.0. 25 A sharp refractive index increase at the interface of pigment particles and the surrounding polymer matrix results in strong scattering and as a result, the optical clarity of composite systems can rapidly diminish. 26 Rayleigh scattering has been used to explained these systems, assuming that the particles are small, dielectric (nonabsorbing), and spherical. Intensity loss originating from this type of scattering can be estimated from the following formula 27 T ¼ exp À 3ϕr
where T is the transmission, s is the optical path length (thickness of the film), r is the radius of the scatterer, ϕ is the volume fraction of particles, n p and n m are the refractive indices of the particles and the polymer matrix, respectively, and λ is the wavelength of the incident light. Scatterers in the composite systems refer to particle domains that are either one individual particle or aggregates/agglomerates of the individual particles. A slight increase in the size of the domains causes a dramatic increase in scattering intensity. Considering the strong tendency of nanosized particles to form large aggregates/agglomerates, the development of transparency in polymer nanocomposites is demanding from a synthetic point of view. Therefore, intensive work has focused on nonaggregated particles in a polymer matrix through sophisticated control over the size of both individual ABSTRACT: The association of transparent polymer and nanosized pigment particles offers attractive optical materials for various potential and existing applications. However, the particles embedded into polymers scatter light due to refractive index (RI) mismatch and reduce transparency of the resulting composite material. In this study, optical composites based on polystyrene (PS) matrix and poly(methyl methacrylate) (PMMA)-grafted CeO 2 hybrid particles were prepared. CeO 2 nanoparticles with an average diameter of 18 ( 8 nm were precipitated by treating Ce(NO 3 ) 3 6H 2 O with urea in the presence of a polymerizable surfactant, 3-methacyloxypropyltrimethoxy silane. PMMA chains were grafted on the surface of the nanoparticles upon free radical in situ solution polymerization. While blending of unmodified CeO 2 particles with PS resulted in opaque films, the transparency of the composite films was remarkably enhanced when prepared by PMMA-grafted CeO 2 hybrid particles, particularly those having a PMMA thickness of 9 nm. The improvement in transparency is presumably due to the reduction in RI mismatch between CeO 2 particles and the PS matrix when using PMMA chains at the interface.
KEYWORDS: ceria, coreÀshell nanoparticle, light scattering, index matching, polymerizable surfactant, optical nanocomposites particle and particle domains in a polymer matrix. However, we previously demonstrated that even if the particles are in range of 20À40 nm and nonaggregated, the scattering cannot be completely prevented and the achievement of optical clarity for polymer/particle nanocomposites still remains a challenge. 28, 29 In fact, the light scattering originates from discontinuities in refractive index within the internal structure of materials. 26 Following eq 1, when perfect RI matching between particle and polymer is provided (meaning that n p /n m goes to 1), T asymptotically approaches 1 (i.e., complete transparency is eventually achieved). Therefore, RI matching becomes a promising approach to improve transparency of composite systems. The choice of inorganic pigment particles, whose RI is close to that of the surrounding transparent polymer matrix, mediates the transparency of polymer nanocomposites. SiO 2 /PMMA 30 and CeF 3 /PS 31 are prominent examples from the recent literature where transparency is maintained even at high particle contents. However, the toolbox of commercial materials to design RI matching is limited for both transparent polymers and pigment particles. Recent progress in the fabrication of well-defined binary mixtures of inorganics 32, 33 and nanostructures 34, 35 has allowed the development of transparent polymer nanocomposites. In the former, the solid solution of light and heavy metal oxides (for example Ta 2 O 5 /SiO 2 ) is combined in the structure of particles. In the latter, coreÀshell type nanostructured particles are used. The inorganic core is covered by a shell whose RI is lower than the indices of both core particle and polymer matrix such that the indices of the entire coreÀshell system is lowered to that of the RI of the polymer matrix, (n core > n shell > n matrix ). Thus, light cannot differentiate whether the particle domains are scatterers and the composite material readily transmits light. Recently, Li et al. reported the synthesis of highly transparent polymer nanocomposites by incorporation of nanostructured coreÀshell type silicaÀtitania nanoparticles in the epoxy matrix. 35 The transmittance of the particle loaded epoxy composites was investigated as a function of mass composition m(TiO 2 )/m(SiO 2 ) ranging from 0 to 60 wt %. It was claimed that the optimal transmittance of the nanocomposite was attained at a TiO 2 shell content of 36.5 wt % when RI matching is satisfied. 35 In the present work, a ternary composite of PS/CeO 2 /PMMA was used as a model system to examine the index matching approach. Well-defined CeO 2 (ceria) core and PMMA shell particles were prepared using a robust and simple pathway, and these nanostructured particles were embedded into a transparent PS matrix. Ceria is a yellow pigment and wide band gap semiconductor that has been used as a UV blocking agent. 36 PS is a colorless thermoplastic polymer used in various fields such as packing material, plastic models, insulation materials. 37 Precipitation of MPS-Modified CeO 2 Nanoparticles. Nanosized ceria (CeO 2 ) particles were precipitated from a solution of (Ce(NO 3 ) 3 3 6H 2 O) and urea in DMF. In a typical synthesis, 12.5 mL of 1.5 M urea solution was dropped at a rate of 2À3 mL min À1 from a syringe into an equal volume of 0.5 M Ce(NO 3 ) 3 3 6H 2 O solution at 120°C, then refluxed under mild stirring. At the beginning of the reaction, the mixture was clear. After 15 min of reaction, it turned translucent indicating that nucleation of CeO 2 particles had started. After 1 h reaction time, the mixture turned into an opaque dispersion. For surface modification of nanosized CeO 2 particles, 0.5 mL of MPS in 5 mL of DMF was injected dropwise to the above suspension under nitrogen atmosphere. The reactor was quenched to 0À10°C right before the addition of the surfactant to prevent self-polymerization of MPS at high temperature. This in situ surface modification was carried out for 12 h more to achieve a uniform surface coverage. The resulting suspensions were subjected to three cycles of centrifugation to isolate the MPS-modified CeO 2 nanoparticles. The particles were washed with fresh ethanol to remove excess MPS and were dried in a vacuum at 50°C for 8 h prior to in situ polymerization.
Preparation of PMMA-Grafted CeO 2 Hybrid Particles. The MPS-modified CeO 2 particles (20.0 mg) were dispersed in a mixture of MMA-toluene (10:20 in mL). The polymerization was carried out in the presence of these particles at 60°C using BPO as an initiator at different concentrations (0.5, 1.0, 1.5, and 2.0, 4.0, 6.0 wt %). The particle content was fixed to 0.1 wt % with respect to the amount of MMA. The dispersions in MMA-toluene mixture were sonicated for 15 min and kept overnight in the dispersed state to provide complete wetting of particle surfaces. After a second sonication for 15 min, BPO was added the dispersion. Three cycles of a freezeÀthaw process were applied to the dispersions prior to polymerization. The flask containing MPSmodified ceria particles and MMA/toluene mixture were placed into a preheated oil-bath at 60°C. The polymerization proceeded under nitrogen atmosphere for 6 h, and it was then quenched to room temperature. The resulting hybrid particles (CeO 2 coreÀPMMA shell) were isolated by three cycles of centrifugation and washing with THF to remove unreacted monomer and free polymers in the polymerization mixture. The hybrid particles were then dried under vacuum at 40°C for 12 h.
Preparation of PS/PMMA-Grafted CeO 2 Nanocomposite Films. The CeO 2 core-PMMA shell particles were dispersed in a solution PS-THF (20.0 wt % PS), and kept overnight in the dispersed state by stirring. For each dispersion, CeO 2 content was kept constant at 5.0 wt % (0.8 vol %). After sonication for 30 min, composite films were prepared using a Model WS 400B Spin Coater (Laurell Technologies Corp.,North Wales) on glass or quartz substrates.
Characterization. X-ray diffractograms were obtained from a Philips X'pert Pro X-ray Diffractometer using Cu Kα radiation (λ = 1.5418 Å). The size of particles was determined by using a Nano ZS dynamic light scattering instrument (Malvern, Worcestershire).
Thermogravimetric analysis was carried out using a Diamond TG/DTA (Perkin-Elmer, Massachusettes). An atomic force microscope, Nanoscope IV (Digital Instruments-MMSPM, New York) was used to investigate the dispersion of the particles in PS matrix. The size distributions of MPS-coated (no PMMA grafting) and PMMA-grafted CeO 2 in PS matrix were obtained from statistical treatment of AFM images by measuring the diameter of typically not less than 50 particles with the help of the software Nanoscope (Veeco, Plainview). Transmission of the nanocomposites was measured with a Cary 50 UVÀvis Spectrometer (Varian, Palo Alto). Transmission electron microscopy (TEM) was performed using a G 2 Spirit/Biotwin (FEI-Technai, Oregon), with a working voltage of 120 kV. FTIR measurements were carried out using PE 100 FTIR spectrometer (Perkin-Elmer, Massachusetts). Film thicknesses were measured with a profilometer using a Dektak 150 (Veeco, Plainview).
' RESULTS AND DISCUSSION Scheme 1 outlines the entire process for the preparation of PS/CeO 2 /PMMA composites. The synthesis strategy is, first, to form coreÀshell type nanostructured hybrid particles with a controlled shell thickness. This is the key step to control transparency of the composite material. The second step involves solution blending of these particles with a transparent polymer. The polymer/particle dispersion in THF is then cast on a substrate to obtain an optical composite film.
Preparation of PMMA-Grafted CeO 2 Nanoparticles. Nanosized CeO 2 particles were prepared by precipitation of Ce-(NO 3 ) 3 3 6H 2 O and urea in DMF at 120°C for 1 h. Figure S1 in the Supporting Information shows powder the X-ray diffraction (XRD) pattern of unmodified CeO 2 nanoparticles. As seen, the characteristic reflections of cubic flourite structure (JCPDS-34À0394) CeO 2 are present. Using DebyeÀScherrer line broadening, we found the size of the crystallite particles to be 16 nm.
A polymerizable surfactant (3-methaxcryloxypropyl trimethoxysilane) (MPS) was added into reaction mixture during the particle nucleation and growth process. CeO 2 particles, like all oxidic ones, are inevitably covered by surface hydroxyl groups. 28 A hydrolysis reaction takes place between surface OH and silanol groups of MPS such that MPS is immobilized to the particle surface through chemical bonding and the vinyl groups of the molecules remain free on the surface of particles. MPS, in this system, has three functions: (i) MPS molecules grafted to the particles hinder the diffusion of reactants to/from the surface, i.e., it controls the growth of the nanoparticles; (ii) stabilization of the particle dispersion and redispersibility in an organic medium; (iii) MPS provides an anchor for the generation of polymer shell layers due to the presence of the available vinyl groups.
The MPS-modified particles were dispersed into an equivolume mixture of MMA-toluene and polymerization was carried out in situ by a free radical initiator (BPO). The vinyl groups on the particles' surface are reactive and contribute to the polymerization of MMA. Eventually, the particles are covered with a PMMA layer. It must be noted that to obtain well-defined PMMA-grafted CeO 2 particles, the particle content must be carefully adjusted because it determines interparticle distance in the process of in situ polymerization. If a polymer chain appears to be longer than the average interparticle distance, it may interact with more than one particle; and each particle in the medium is linked by many chains. Such being the case, a threedimensional network where CeO 2 nanoparticles are placed at the junction points is developed throughout the reactor volume and the particles cannot be isolated from the system by dissolution. Thus, the particle content in the in situ polymerization should be kept low (∼0.1 wt %) to prevent the formation of an undesirable network structure. Figure 1 presents the number size distribution of MPSmodified and PMMA-grafted CeO 2 hybrid particles prepared at different BPO concentrations. The results were obtained by DLS in toluene. Although MPS-modified CeO 2 particles exhibit uniform size distribution with a mean diameter of 18 nm, the size of PMMA-grafted CeO 2 hybrid particles extends to large diameters depending on the amount of BPO employed. The diameter of the hybrid particles was found to be inversely proportional to BPO concentration. For example, the mean diameter of the hybrid particles was 36 nm when the amount of BPO was 6 wt %. As BPO content was reduced to 0.5 wt %, the mean of the particle size distribution increased gradually to The diameter of the CeO 2 core was fixed at 18 nm and the PMMA shell varied depending on the initiator content employed during polymerization. Assuming that the core particles have a spherical shape and because of the uniform grafting of PMMA chains on the particles, the PMMA shell thickness (t) can be obtained by subtracting the diameter of the CeO 2 core from the mean diameter of PMMA-grafted CeO 2 particles. Figure 2 shows the thickness of the PMMA layer estimated by this subtraction as a function of BPO content. The thickness showed a first-order decay as the initiator concentration was increased.
To make a rough estimation about the size of the average PMMA chain, polymerization was carried out in the absence of the hybrid particles using the same conditions (temperature, time, solvent, and initiator content) that had been employed in the process of in situ polymerization. On the basis of this experiment, the thickness of the PMMA layer was found to be greater than the size of an average chain. For example, the diameter of the PMMA coil was 10 nm when the BPO concentration was 1.5 wt %. In comparison, at the same BPO content in the presence of the hybrid particles, the thickness of the shell was 29 nm. This result indicates the existence of the multilayer grafting of PMMA chains on the surface of the CeO 2 core. In the first layer, PMMA chains are chemically linked at one or more sites to the surface of the particles through MPS. In the second layer, the chains are physically adsorbed to the first layer. The adsorption occurs several times layer-by-layer radially outward from the surface of the particles. This process eventually forms a PMMA layer around each particle. This layer makes the hybrid particles sterically stabilized against aggregation and sedimentation such that the same particle size distribution was even obtained from the hybrid particles after 1 week. The long-term stability of the particles demonstrates that any detachment of the chains from the particle surface does not occur, at least within the time period investigated.
A drop of PMMA-grafted CeO 2 particle dispersion from toluene was cast on a TEM grid. After evaporation of the solvent, the surface was examined by TEM. Figure 3 shows TEM images of MPS-modified and PMMA-grafted CeO 2 particles. Panel a shows an overview image of MPS-modified CeO 2 particles in a well-dispersed state. The particles are spherical and have uniform size. An average particle diameter of 18 ( 8 nm was measured from 100 particles, which is consistent with the size measured by DLS (d = 18 nm). While the MPS-modified CeO 2 particles were well separated on the carbon film of the TEM grid, the PMMAgrafted CeO 2 particles appeared in islands of particle domains (Panel b). Obtaining an image of an individual colloidal particle is a difficult task because solvent evaporation from the droplet used for TEM imaging invariably causes the formation of phaseseparated particle domains. The core CeO 2 particles are evident in the clusters. Nevertheless, the white arrow in the image shows a representative individual PMMA-grafted CeO 2 particle. This hybrid particle can be considered to be an indication of the formation of a coreÀshell type nanostructure.
To measure the relative mass of the inorganic core to the organic shell in the particle system, we evaluated unmodified CeO 2 , MPS-modified CeO 2 , and PMMA-grafted CeO 2 particles with varying PMMA thicknesses using TGA (Figure 4 ). For the unmodified and MPS modified particles, mass loss of nearly 4 wt % takes place below 300°C because of the loss of adsorbed water. However, MPS-modified particles have nearly 2.5 wt % higher mass loss compared to unmodified ones. This difference can be attributed to dehydration of silane groups on the particle surface. By knowing the mass loss of MPS and the particle size from DLS, the graft density of MPS on the particles can be estimated assuming monolayer coverage on the spherical CeO 2 particles. On the basis of this calculation, the graft density of MPS molecules was found to be 1.4 molecules/nm 2 . In the thermogram of PMMA-grafted particles, a sharp mass loss was observed between 300 and 400°C because of the thermal oxidation and decomposition of the PMMA layer grafted onto the CeO 2 particles. As a result of the disappearance of polymeric residue, the mass remains almost unchanged above 400°C. This refers to an inorganic residue mainly composed of CeO 2 . The mass loss beyond this temperature gives clues about the amount of PMMA layer on the ceria particles. Considering that the size of the CeO 2 core is fixed and only shell thickness varies, the PMMA-grafted CeO 2 particles having a greater shell thickness are undergoing higher mass loss. The amount of PMMA was found to be 73, 75, and 93 wt % for particles having shell thicknesses of 9, 11, and 16 nm, respectively.
The modification of the CeO 2 nanoparticles by MPS and grafting with PMMA was validated by vibrational spectroscopy. The FTIR spectra of unmodified CeO 2 , MPS-modified CeO 2 , and PMMA-grafted CeO 2 nanoparticles are shown in Figure 5 . The strong absorption band at 1384 cm À1 is present in all three spectra regardless of the surface chemistry of the CeO 2 core. This band is attributed to the stretching of NO 3 À groups remaining on the surface of the core CeO 2 particles. 43 Upon surface treatment of the particles with MPS, three major signals at 1722, 1638, and 1193À1168 cm À1 appear in the spectrum as a result of CdO stretching, CdC stretching, and ester vibration (CÀOÀC), respectively. This spectrum was compared with the one of MPS itself (see Figure S2 in the Supporting Information). We observed that the signals of adsorbed groups are remarkably broader for surface bound MPS compared to unbound MPS. Moreover, unique bands seen for the case of bound MPS are present in the range of 800À1000 cm À1 . They apparently originated from the CeÀOÀSi bond, indicating the hydrolysis of the OH groups of the CeO 2 surface and silanol groups of MPS. After polymerization of MMA and MPS on the particle surface, the fingerprint signals of the carbonyl group at 1722 and 1600 cm À1 are evident in the spectrum. Figure 6 show the AFM tapping mode phase images of a PS matrix loaded with MPS-modified CeO 2 particles, PMMA-grafted CeO 2 particles having thickness of 9 and 29 nm, respectively. The bright regions in the images refer to PMMA immobilized to the CeO 2 core. The interaction of the AFM tip is limited to the uppermost layer of a specimen; therefore, the tip mainly encounters PMMA such that the CeO 2 core cannot be resolved from the images. For the purpose of comparison, PS and PMMA chains were blended in the absence of CeO 2 particles. The amount of PMMA in the blend was adjusted to be the same amount as had been employed in the PMMA-grafted CeO 2 particles where t was 9 nm. Not surprisingly, a strong phase separation was observed in the blend film. The results of the tapping mode AFM phase imaging (Panel d of Figure 6 ) showed that PMMA were dispersed into the PS matrix as spherical domains with a diameter ∼0.5 μm. Phase separation is an equilibrium phenomenon where the chains diffuse to form polymer domains. In our system, a microphase separation does not take place because the chains are immobilized at the nanoparticle surface and diffusion of the chains is hindered.
The average diameter of the PMMA-grafted CeO 2 particles observed by AFM was compared with the mean diameter of particles measured by DLS. The results are given in Table 1 . Although the measurement systems are different, the dimensions obtained by these methods approximately agree, particularly at high BPO concentrations. For example, in Panel b, the diameter of particles was found to be 30 ( 6 nm as measured from at least 50 test particles, while the mean diameter of particles was measured as 36 nm by DLS. In contrast, a deviation is observed in the measurements at low BPO concentrations. The decrease in BPO concentration led to the development of longer chains with broader molecular weight distributions via free radical polymerization. The broad distribution of chains reflects the formation of the heterogeneous thickness on the particle surface. Therefore, the distribution obtained by DLS appears broader. In AFM imaging, particles larger/smaller than the mean value are seen in the same micrograph.
Transmission of the Composite Films. The optical composites were spin-coated on quartz glass. The thickness of the resulting films was ∼2.5 μm. Figure 7 shows the UVÀvis transmission spectra of both neat PS and PS-based composite films prepared separately using unmodified, MPS-modified, and PMMA-grafted CeO 2 particles. In all composite films, the core CeO 2 content was fixed at 5.0 wt % (0.8 vol %). The films are strongly absorbing in the UV region of the spectrum because both CeO 2 and styrene groups in the PS matrix are absorbing in this region. Ceria is a wide band gap semiconductor whose energy lies between 2.72 and 3.52 eV, depending on the size, shape, and surface chemistry of the particles. 44, 45 This energy is comparable to the energy of the UVB region so that it absorbs in this region of the optical spectrum. In addition, styrene involves a benzene group that strongly absorbs UV radiation. The presence of both absorbing entities in the composite material causes a sharp absorption below 300 nm. However, the films are nonabsorbing in the visible region. The intensity loss in this region is mainly due to the scattering from the CeO 2 nanoparticles and PMMA layer. We mainly focus on the visible region where we can compare the intensity loss in PS/ceria composite systems. Since the human eye has the highest sensitivity at 550 nm, the spectra of composites were compared with respect to their transmission at this wavelength. Transmission of all films prepared by PMMAgrafted CeO 2 particles as a function of PMMA shell thickness is given in Figure 8 . Neat PS has ∼90% transmission at normal incidence. The loss in this sample occurs due to the reflection of the incident beam from the glass surface and optical scattering from density fluctuations within the internal structure of the PS film. The incorporation of unmodified particles into the PS matrix causes more than a 20% loss in transmission (70%). The unmodified particles were dispersed in the polymer matrix as large domains, and the scattering of these domains reduced the transmission of light. The modification of the particle surface with MPS improved dispersion of the particles into smaller domains. Accordingly, this structure causes a 7% increase in transmission (77%). When PMMA-grafted hybrid CeO 2 particles were used with 9 nm of PMMA shell, transmission increased up to a value of 85%. This is the highest value we ever achieved in our study for spin-coated films. As PMMA shell thickness was increased to 29 nm, the transmission through the composite film decreased to 76%. Further increase in thickness of the PMMA shell resulted in a dramatic loss of transparency of the composites. As a result, the transmission of PS nanocomposites prepared by PMMA-grafted CeO 2 particles strongly depends on the thickness of the PMMA shell. The decrease in transparency of composite films prepared by the hybrid particles with greater PMMA thickness very likely arises from scattering of PMMA chains. As the thickness of PMMA was increased, the contribution of PMMA with respect to CeO 2 increased. It would seem that PMMA chains and the CeO 2 core together cause further scattering. To validate this argument, the transmission of the PS and PMMA blend film prepared without CeO 2 particles was measured. Its transmission was found to be 67% at 550 nm, which is the smallest value among all the films. PMMA has a lower RI compared to PS so that the PMMA domains, now, appear to act as a scattering source in the PS matrix and lead to a remarkable decrease in transparency (see Figure S3 in the Supporting Information)
Our main argument in this study is that transmission through the PS/CeO 2 composite system increases when PMMA chains are grafted onto the surface of CeO 2 particles at a particular thickness. Recall that there are two factors that affect intensity loss in heterogeneous composite systems: (i) size of scatterers, and (ii) RI mismatch between the scatters and the surrounding medium. One may argue that the increased transparency in our system may be a result of better particle dispersion, but not because of RI matching. In other words, PMMA chains may act as an efficient surfactant and provide smaller CeO 2 particle domains, giving rise to an analogous decrease in scattering. To clarify this discrepancy, we quantitatively examined size distributions of MPScoated CeO 2 particles (no PMMA grafting) and PMMA-grafted CeO 2 particles in a PS matrix. Figure 9 shows size distributions obtained by statistical treatment of the particle domains in AFM images for both systems (Panel a and b of Figure 6 ). The mean diameter of MPS-coated CeO 2 particle domains was found to be around 21 nm. This size is comparable to the size of an individual particle measured by DLS (Figure 1 ). For the PMMA-grafted CeO 2 hybrid particles (obtained upon polymerization of MMA in the presence of the MPS-coated CeO 2 particles) where PMMA thickness was 9 nm, the size distribution centered around 29 nm. It can be reasonably claimed that the particles are dispersed individually and nonaggregated in both systems. As a conclusion, the argument based on the increase of transparency due to the size of scatterers, i.e., particle domains, is ruled out.
The index of refraction, n, of a nonmagnetic material is linked to the dielectric constant, ε r , via the simple relation, n = ε r 1/2 . 46 The dielectric constant of coreÀshell type hybrid particles (ε eff ) can be estimated by the MaxwellÀGarnett formula
The variable, x is equal to 1/3 (ε core À ε shell )/(ε core À 1/3 (ε core À ε shell )), where ϕ is the volume fraction of the CeO 2 core, and ϕ = V core /(V core + V shell ). 47À49 According to this formula, scattering can be diminished if the effective dielectric constant of the coreÀshell particle is equal to the one of the embedding medium (ε eff = ε medium ). The composition for index matching was estimated for our particular PS/CeO 2 system. See Figure S4 in the Supporting Information presents the estimated RI of overall coreÀshell type particles as a function of the thickness of the PMMA shell. For ceria nanoparticles having a diameter of 18 nm, the thickness of CeO 2 particles for index matching should be 7 nm. The thinnest PMMA layer we have obtained in our experiments was 9 nm and the composites prepared when using these particles provided the highest transmission. To adjust the thickness of the PMMA layer to 7 nm to obtain complete matching, we further increased the amount of BPO with the aim of decreasing the layer thickness to 7 nm. However, a PMMA layer thinner than 9 nm was not achieved at all. The search for complete transparency and ex situ preparation of PMMA chains having 7 nm in thickness is underway as a continuation of this study.
The improvement in transmission by index matching is more striking in thicker films and can even be seen by the naked eye. Figure 10 shows the photographic images of the films cast from THF with average thickness of 350 μm. The composite films prepared by (a) unmodified and (b) MPS-modified particles have strong yellowish opacity. An obvious increase in transmission is observed for the composite film containing PMMAgrafted CeO 2 particles which has PMMA shell thickness of 9 nm (c). The increase in the PMMA thickness reduced transmittance and made the composite films opaque (dÀh). Thus, the images of all composite films are in congruence with the results obtained via UVÀvisible transmittance measurements.
' CONCLUSION
In this study, we employed a new approach, RI matching, to prepare quasi-transparent polymer/particle composite systems. CoreÀshell type PMMA-grafted CeO 2 particles were blended with a transparent PS matrix. These hybrid particles were synthesized by combining a precipitated CeO 2 core (prepared under controlled conditions) that has available vinyl groups on its surface that contributes to the free radical in situ solution polymerization of MMA in the presence of these particles. The CeO 2 core of the hybrid particles was fixed at 18 nm in diameter. The thickness of PMMA on the CeO 2 core was readily controlled by the amount of free radical initiator BPO. Blending of PS and neat CeO 2 particles initially resulted in an opaque material. However, its transmittance was remarkably improved when PMMA chains of proper composition were grafted onto the surface of the CeO 2 core. For example, the transmission of spincoated PS/CeO 2 composite films increased from 71 to 85% when the CeO 2 concentration was 5.0 wt % (0.8 vol %) and when the CeO 2 core was coated with a PMMA layer at a thickness of 9 nm. At this composition, the intensity loss due to optical scattering was remarkably minimized. This approach can be considered as a general strategy for improving optical clarity for various polymer/pigment particle systems.
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